The academic job market has become increasingly competitive for Ph.D. graduates. In this Note we ask the basic question of "Are we producing more Ph.D.'s than needed?" We take a systems approach and offer a "birth rate" perspective: professors graduate Ph.D.'s who later become professors themselves, an analog to how a population grows. We show that the reproduction rate in academia is very high. For example, in engineering, a professor in the U.S. graduates 7.8 new Ph.D.'s during his/her whole career on average, and only one of these graduates can replace the professor's position. This implies that in a steady state, only 12.8% of Ph.D. graduates can attain academic positions in the U.S. The key insight is that the system in many places is saturated, far beyond capacity to absorb new Ph.D.'s in academia at the rates that they are being produced.
I. Introduction
The academic job market has become more and more competitive. Ph.D. graduates are finding it increasingly difficult to land tenure-track academic positions. Candidates are often expected to have several publications in leading journals, putting lots of pressure on them during their training period. Many Ph.D. graduates are unemployed or underemployed (National Science Foundation, 2012; Chapter 3). Reports even state that there are Ph.D. graduates on food stamps (Nichols, 2012) .
Nowadays, less than 17% of new Ph.D.'s in science, engineering, and health-related fields find tenure-track positions within 3 years after graduation (National Science Foundation, 2012; Chapter 3). Many Ph.D.'s who do not find tenure-track positions turn to positions outside academia. Others who think that they will have better future opportunities accept relatively lowpaying academic jobs such as postdoctoral positions, and stay in the market for a prolonged period (Ghaffarzadegan et al., 2013) . Many engineering Ph.D.'s go the entrepreneurial route and become involved in startups. But our focus is academia.
On the demand side, the number of tenure-track positions in a wide range of fields is steady or changing very slowly, if at all (National Science Foundation, 2012; Chapter 5). Except computer science which experienced rapid growth in the past thirty years, and life sciences with the average growth of 1.5% per year, many fields have seen little increase in their faculty slots (National Science Foundation, 2012; Chapter 5) . This means new hires can only replace people who leave, as openings are closely tracking retirement and exit rates. Additionally, due to the abandonment of fixed retirement age, the mean duration of a faculty career has increased, resulting in a concomitant decrease in new slots available .
Considering the trends, a basic question to ask is, "Are we producing more Ph.D.'s than needed?" If yes, how far are we from a steady-state condition in which every qualified applicant interested in a tenure-track academic position can find such a position? We focus on the endogenous nature of the problem (Richardson, 2011) , and borrow the concept of R 0 in demography and epidemiology (Sharpe and Lotka, 1911) to shed more light on this problem. Our approach corroborates with several arguments in favor of applying systems approaches to the study of higher education (e.g., Kennedy 2011; Bianchi, 2010; Brown, 1999) , while we purposefully keep our model of analysis as simple as possible to provide clear policy insights (Ghaffarzadegan, Lyneis, and Richardson, 2011) .
II. The Concept of R 0 for Academia
R 0 denotes the basic reproductive number or rate. In demography R 0 is defined as the mean number of baby girls that a typical newly born baby girl will have in her lifetime.
Neglecting infant deaths, if R 0 > 1.0, then the population will grow over time. If R 0 < 1.0, it will decline. And R 0 = 1.0 yields a stable population. For example, R 0 for China and the United States are currently estimated at 0.78 and 1.03 respectively (CIA World Factbook, 2012) . In epidemiology, R 0 is the mean number of people that a typical newly infected person will infect during his or her infectious period, assuming that virtually everyone in the population is susceptible to the disease. If a disease has R 0 > 1.0 there is initially an exponential growth in number of people infected. For example, R 0 for seasonal flu is typically about 1.2; for H1N1, it was reported to be in the range of 1.4 to 1.6 (Barry, 2009; Brown, 2010) ; and for the deadly 1918 "Great Influenza", it was estimated to be as high as 4.0 (Astudillo, 2009) . Note that, in demography and epidemiology, any R 0 value greater than 1.0 implies exponential growth. 
III. R 0 Estimation
We offer an example from our home university, the Massachusetts Institute of New Ph.D.'s = Exit rate + growth rate (eq.1) If number of faculty members is F, using Little's law, the exit rate is F/T, and growth rate is r*F. Then Equation (1) can be written as: α. (R0/T) = 1/T + r (eq.2) We can solve the Equation 2 for R0: R 0 = (1+r*T)/ α (eq.3) essentially around 1,000 for over three decades. MIT undertakes about 50 faculty searches each year, looking almost exclusively for young assistant professors. Applying Little's Law (Little, 1961) , the mean MIT faculty career length is approximately 1000/50 = 20 years . Please keep in mind that this is an average, and that some assistant professors will leave in less than seven years, and others obtaining tenure may remain on the faculty for up to 50 years. 
IV. Policy Insights
By applying the concept of R 0 to academia, we have offered a "birth rate" perspective on challenges that current Ph.D. graduates face in the academic job market. Our back-of-theenvelope calculations suggest that R 0 for the entire engineering field is 7.8, which implies that in a steady state, only 1/7.8 (i.e., 12.8%) of Ph.D. graduates in engineering can attain academic positions in the U.S. 4 The key insight is that the system in many places is saturated, far beyond capacity to absorb new Ph.D.'s in academia at the rates that they are being produced. One result of this is significant growth in postdoctoral appointments (e.g., see Federation of American Societies for Experimental Biology, 2012).
High Ph.D. reproduction in academia follows a similar reinforcing feedback loop (Richardson, 2011; Sterman, 2000) that creates population growth in demography: more faculty members produce more Ph.D. graduates, some of whom become new faculty members. The mechanism may work stronger as an unintended consequence of ramped up government funding on the research enterprise (Teitelbaum, 2008; Gomez et al., 2012; . We see that it can also affect the higher education enterprise, job market challenges, and unemployment and underemployment of Ph.D. graduates.
In demography, any living population eventually meets a ceiling of limited resources.
Similarly in academia, the growing Ph.D. population will eventually hit the natural ceiling of limited tenure-track positions. In some fields it already has hit that limit. The physics of the system requires that the oversupply must move to non-academic positions or underemployment in careers that need lesser degrees. Simply increasing the number of faculty slots will not solve Given the national need for continued strong doctoral level research, an engineering design puzzle persists: How to design the academic research enterprise so as to perform the research effectively while at the same time reducing the "Ph.D. birth rate" of professors. It may mean that we must accept continued growing use of post-docs and other Ph.D.-level researchers who will never become tenure-track faculty members. But, if this is true, we owe it to these young people, before they embark on a doctoral path, to manage appropriately their career expectations.
